The clinical heterogeneity of schizophrenia has hindered neurobiological investigations aimed at identifying neural correlates of the disorder.
I n patients with schizophrenia, heterogeneity of symptoms, of response to treatment, and of functional outcome 1 have hindered neurobiological investigations aimed at identifying neural correlates of this debilitating disorder. 2 Negative symptoms are important predictors of functional outcome, 3 and there is considerable variability in negative symptom burden among patients with schizophrenia. Kirkpatrick et al 4 demonstrated that patients with the deficit form of schizophrenia are characterized by negative symptoms, including restricted affect, diminished emotional range, poverty of speech, curbing of interests, diminished sense of purpose, and diminished social drive, that are both enduring and primary. Patients with deficit schizophrenia follow a course of illness characterized by persistent impairment and poor long-term prognosis with a low likelihood of experiencing recovery, as shown in a 20-year longitudinal follow-up study. 5 Evidence 6 suggests that deficit and nondeficit schizophrenia are not only distinguished by symptoms and course of illness but also have distinct etiologic factors and response to treatment. In addition, early functional and structural imaging studies [7] [8] [9] pointed to alterations in frontoparietal brain circuits specific to deficit schizophrenia, whereas more recent evidence 10, 11 points to structural alterations in the temporal lobe. Volumetric techniques have produced conflicting results, with some studies 10, 11 reporting more severe volume reductions in patients with deficit schizophrenia and others 12, 13 reporting more severe volume reductions in the nondeficit disease. In contrast, diffusion tensor imaging studies [14] [15] [16] have identified replicable white matter tract impairments in patients with deficit schizophrenia in frontoparietal and frontotemporal circuitry that is important for emotion processing, emotion expression, and socioemotional functioning. These studies provide growing evidence that relationships among the cortical gray matter regions connected by these white matter tracts are altered in patients with deficit schizophrenia. Altered patterns of network connectivity in schizophrenia have been demonstrated, 17 although the results remain inconsistent. The application of graph theoretical analysis to structural network data in schizophrenia has revealed broad network inefficiency, pointing to disturbed integration among brain regions. [18] [19] [20] [21] Topologically central nodes are critical for brain network integration, and network studies 22 have identified node centrality alterations frequently in prefrontal regions and less consistently in temporal and parietal regions. In addition to methodologic differences, some of the inconsistent results of these network studies are likely attributable to the considerable clinical heterogeneity among people with a diagnosis of schizophrenia.
In the present study, we used an approach that leverages the heterogeneity of schizophrenia and includes a comparator disease group with bipolar I disorder. Patients with bipolar I disorder often experience the psychotic symptoms of schizophrenia, but they are typically free of negative symptoms. 23 Through assessment of cortical network properties, using structural correlation and graph theory-based approaches, we first compared patients with deficit schizophrenia and patients with nondeficit schizophrenia with healthy individuals serving as controls. Cutting across the major psychoses, we then compared people with bipolar I disorder with matched controls. We hypothesized that (1) patients with deficit schizophrenia would demonstrate alterations in network properties compared with patients with nondeficit schizophrenia and controls, (2) characteristic network differences identified in patients with deficit schizophrenia would not be present in patients with bipolar I disorder, and (3) networks in patients with deficit schizophrenia would be characterized by node alterations localized primarily to frontal and parietal brain regions. 24 Participants recruited at CIMH also completed the SCID-II for Axis II personality disorder diagnoses. 25 The samples were characterized for age at onset, medication history, years of education, IQ, handedness, current clinical symptoms, and current substance use or past dependence (detailed inclusion/exclusion criteria for each sample are provided in the eMethods in the Supplement). After complete description of the study to the participants, written informed consent was obtained as per local institutional review board regulations. Institutional review board approval was obtained from the CAMH, the ZHH, and the CIMH. Participants received financial compensation.
Methods

Participants and Characterization
Deficit Syndrome Classification
The Positive and Negative Syndrome Scale 26 and the Brief Psychiatric Rating Scale 27 were used to characterize clinical symptoms at CAMH and ZHH, respectively. The deficit and nondeficit schizophrenia groups were selected from the full schizophrenia samples based on characterization of the deficit syndrome according to the proxy for the deficit syndrome. 28 Studies have examined the stability of the deficit syndrome classification using the proxy for the deficit syndrome and have shown the characterization to be stable over the short term (24 months) 29 and across serial assessments over a 20-year follow-up period 5 (eMethods in the Supplement). The proxy for the deficit syndrome has good specificity, sensitivity, and accuracy for identification of patients with deficit schizophrenia 28 in both early-episode and chronic populations. [30] [31] [32] [33] [34] [35] Specifically, the proxy for the deficit syndrome is defined as the sum of the scores from either the Positive and Negative Syndrome Scale or the Brief Psychiatric Rating Scale of the anxiety, guilt feelings, depressive mood, and hostility items subtracted from the blunted affect item score. This calculation reflects the lack of negative affect and lack of dysphoria that are characteristic
Image Acquisition
The neuroimaging aspect of the study was conducted between February 1, 2007, and February 28, 2012 . Magnetic resonance (MR) images were acquired for all participants.
Centre for Addiction and Mental Health
The MR images at CAMH were acquired using an 8-channel head coil on a 1.5-T system (EchoSpeed; General Electric Medical Systems). Axial inversion recovery-prepared spoiled gradient recall images (n = 124) were acquired using a 1.5-mm-thick slice acquisition with the following image parameters: echo time (TE), 5.3 milliseconds; repetition time (TR), 12.3 milliseconds; time to inversion, 300.0 milliseconds; and flip angle, 20°.
Zucker Hillside Hospital
The MR imaging examinations at ZHH were conducted on a 3-T whole-body superconducting imaging system (Signa HDx; General Electric Medical Systems). The spoiled gradient recall images (n = 216) were acquired using a 1-mm-thick slice acquisition with the following image parameters: TE, 3 milliseconds; TR, 7.5 milliseconds; matrix size, 256 × 256; and field of view, 240 mm.
Central Institute of Mental Health
The MRI data at CIMH were acquired on a 3-T scanner (Magnetom Trio; Siemens Medical Solutions). The T1-weighted images (n = 160) were acquired using a 1.1-mm-thick slice acquisition with the following image parameters: TE, 2.98 milliseconds; TR, 2300 milliseconds; matrix size, 256 × 240 × 160; and field of view, 256 × 240 × 176 mm.
Cortical Thickness Processing
To calculate vertexwise cortical thickness, the T1-weighted images were submitted to the CIVET pipeline, version 1.1.10 (Montreal Neurological Institute, McGill University). 38 Briefly, images were registered to a nonlinear template, with inhomogeneity corrected, 39 skull stripped, and tissue classified. 40, 41 Deformable models were used to create gray and white matter surfaces, 42 and white to gray matter surface distances were determined using the t-link metric. 38 The thickness data were subsequently blurred using a 20-mm surfacebased diffusion blurring kernel and nonlinearly aligned to a template 43 (eMethods in the Supplement).
Correlation Matrix Construction
For each participant, vertexwise cortical thickness maps were parcellated using cortical regions defined in the Probabilistic Brain Atlas 44 (http://www.loni.usc.edu/atlases/) with additional manual segmentation of the middle frontal gyri (eMethods in the Supplement). Mean cortical thickness was computed in a total of 52 distinct cortical regions (eTable 1 in the Supplement). For comparison, an alternative parcellation atlas with 74 cortical regions was also used (eTable 2 in the Supplement). 45 Between-subject Pearson correlation coefficients (r) were computed for values in all pairwise combinations of brain regions to assess intracortical coupling. A linear regression was performed at every cortical region to remove the effects of site in the combined diagnostic groups from CAMH and ZHH (32 deficit, 32 nondeficit, and32 controls), and the correlations among resulting residuals were computed. Correlations in cortical thickness were examined in a sample of 32 patients with bipolar I disorder and 32 matched healthy controls from the CIMH sample. Correlation matrix construction and analyses were performed using MATLAB software (MathWorks Inc, version 8.
Correlation Matrix Comparisons
To evaluate intracortical coupling differences between diagnostic groups, all individual correlations were compared with no a priori predictions (1326 comparisons). Differences were assessed between the following pairwise combinations of groups: deficit schizophrenia vs schizophrenia-matched healthy controls; deficit schizophrenia vs nondeficit schizophrenia; nondeficit schizophrenia vs schizophrenia-matched healthy controls, and bipolar I disorder vs bipolar I disorder-matched healthy controls. Significant differences in individual correlations were determined with the Fisher r to z transformation. This procedure converts the r values to z values with the Fisher transform and compares the difference with the normal distribution. 46 The false discovery rate was set at 5%.
Network Construction
Binary networks were created by thresholding cortexwide interregional cortical thickness correlations in each study group. The nodes in the networks represent brain regions, and the correlations that survived thresholding were considered connections. Graph theoretical measures (network density and node centrality) were assessed in networks formed at an array of correlation strength thresholds. The thresholds used ranged from a nominal value of P = .0001 to P = .000000075 (corresponding to a Bonferroni correction that accounts for all pairwise comparisons). This P value range corresponds to an r value range of 0.61 to 0.78. Networks were visualized with Cytoscape, version 3.1.10 (http://www.cytoscape.org).
Network Density Analysis
Network density is defined as the proportion of possible connections present in the network and is a measure of the overall level of connectivity. Network density was computed in all 5 groups at each network threshold level.
Node Centrality Analysis
Node centrality was characterized in groups with coupling and density distinct from that in the control groups. To characterize centrality, 4 measures (degree, eigenvector centrality, close-ness, and betweenness) were computed for each node that was part of the largest connected component of each network. Degree corresponds to the number of connections that are incident on a node. Betweenness is the number of all shortest paths in the network that pass through a given node. Closeness is the inverse of the mean shortest path length from one node to all other nodes in the network. Eigenvector centrality assigns relative scores to all nodes in the network based on the concept that connections to high-scoring nodes contribute more to the score than do equal connections to low-scoring nodes. All regions were ranked by degree, eigenvector centrality, closeness, and betweenness in each thresholded network. Highcentrality brain regions were classified as those that ranked in the top 10 in more than 50% of the thresholded networks for 3 or more of the centrality measures. All graph theory measures were computed with functions from the Brain Connectivity Toolbox (http://www.brain-connectivity-toolbox.net/). 47 Image processing and analysis steps are summarized in Figure 1 .
Replication of Results
All analyses were also performed in the individual samples of deficit schizophrenia, nondeficit schizophrenia, and matched controls from CAMH and ZHH. The additional evaluation was performed to determine whether findings were similar at both sites.
Results
Demographic and Clinical Sample Characteristics
In the CAMH and ZHH samples, no significant differences were present among the healthy control, deficit schizophrenia, and nondeficit schizophrenia groups on any of the demographic variables, and no significant differences were detected between the deficit and nondeficit groups in age at onset or antipsychotic medication load (all P > .05) (eTable 3 and eTable 4 in the Supplement). Consistent with the classification of the deficit syndrome, patients with deficit schizophrenia displayed higher levels of blunted affect and lower levels of anxiety, feelings of guilt, depressive mood, and hostility as well as similar positive symptom scores in the CAMH and ZHH samples (eTable 3 and eTable 4 in the Supplement, respectively). Patients with bipolar I disorder did not differ significantly from the matched healthy controls in any demographic variables (eTable 5 in the Supplement). A summary of participant characteristics is presented in the Table.
Intracortical Coupling Differences
Structural coupling comparisons revealed 49 relationships that were stronger in the patients with deficit schizophrenia than in the healthy controls and 17 relationships that were stronger in the deficit schizophrenia group than in the nondeficit schizophrenia group (all P < .05, corrected). Most of these differences were in frontoparietal and frontotemporal relationships. There were no significant differences between the patients with nondeficit schizophrenia and healthy controls (all P > .05, corrected) (eFigure 1A in the Supplement) or between patients with bipolar I disorder and matched healthy controls (all P > .05, corrected) (eFigure 1B in the Supplement). Similar frontoparietal and frontotemporal differences were also identified in the deficit schizophrenia group after regressing out potential clinical confounders (eFigure 2 in the Supplement) and in the separate CAMH and ZHH samples (eFigure 3 in the Supplement) as well as when using an alternative cortical parcellation atlas (eTable 2, eFigure 4, and eFigure 5 in the Supplement). Comparison of the intracortical coupling relationships between the control group matched to the schizophrenia groups and the control group matched to bipolar I disorder group revealed that only 1 correlation was significantly different between the 2 control groups.
Network Density
Networks were constructed with brain regions as nodes and strong interregional cortical thickness correlations as connections ( Figure 2) . The density of network connections was greater in the deficit schizophrenia group than in the nondeficit schizophrenia group and healthy control group at the range of correlation thresholds explored (range, 0.07-0.45 in controls, 0.09-0.43 in the nondeficit group, and 0.18-0.67 in the deficit group) ( Figure 3A) . Figure 3B ) and in the schizophrenia-and bipolar I disorder-matched control groups.
Node Centrality
Node centrality was characterized in the group of patients with deficit schizophrenia who had intracortical coupling and network density different from that of healthy controls. Assessing the 4 metrics of node centrality (degree, eigenvector centrality, closeness, and betweenness) in each brain region identified high centrality regions in networks of the deficit schizophrenia group. These regions were the inferior frontal gyrus, supramarginal gyrus, superior temporal gyrus, and middle temporal gyrus bilaterally and the caudal middle frontal gyrus, superior frontal gyrus, superior parietal gyrus, and fusiform gyrus in the right hemisphere ( Figure 4) . Six of these regions were also identified as having high centrality in each of the separate CAMH and ZHH samples of patients with deficit schizophrenia: the left and right supramarginal gyrus, left and right middle temporal gyrus, left inferior frontal gyrus, and left superior temporal gyrus (eFigure 8 in the Supplement).
Discussion
Using connectomic approaches, we found a highly correlated structural network in patients with the deficit subtype of Step A: Cortical thickness processing. Each image was aligned to stereotaxic space, corrected for nonuniformity artifacts, tissue classified, and masked, and inner and outer cortical surfaces were extracted. The intersection between surfaces was then determined to define cortical thickness. An atlas 44 was used to parcellate the cortex, and a mean thickness for each region was calculated.
Step B: Correlation matrix construction. Interregional correlations of regional thickness values were assessed in each group as a measure of interregional coupling. The strength of correlation between each pairwise combination of brain regions was color coded and represented in a matrix in which the rows and columns correspond to different brain regions.
Step C: Correlation matrix comparison. Statistical comparisons were done on a correlation-by-correlation basis comparing cortexwide coupling between groups.
Step D: Network construction. Matrices were thresholded to retain strong positive correlations and were converted to networks in which nodes represent brain regions and connections between regions represent the strong positive correlations that survived thresholding.
Step E: Graph theory analyses. The networkwide property of density was assessed as a measure of overall connectivity. The centrality of each node was assessed based on the number of connections (degree) and positioning within the network (betweenness, eigenvector centrality, and closeness). This figure is adapted from Wheeler and Voineskos phrenia from both the CAMH and ZHH sites. When cortexwide structural coupling was compared in patients with bipolar I disorder and healthy controls, no significant differences were found. To our knowledge, this study provides the first graph theory-based results linking clinical heterogeneity with heterogeneity in neuroimaging findings in schizophrenia.
Figure 2. Structural Coupling Networks
Deficit schizophrenia
Patients with deficit and nondeficit schizophrenia vs control group Networks were constructed by thresholding interregional correlation matrices from eFigure 1 in the Supplement and retaining only the information from the strong positive correlations (in this case, r > 0.78). In the networks, the nodes (circles) represent brain regions and the strong positive correlations that survived thresholding are shown as connections between brain regions (red lines). The size of the nodes in the networks reflects the number of connections that are incident on it (degree). Large nodes have many connections (high degree) and small nodes have few connections (low degree). A, Networks formed from groups of patients with deficit schizophrenia and nondeficit schizophrenia, and from healthy controls. The deficit schizophrenia network has more connections and more highly connected nodes compared with the networks from the other groups. B, Networks formed from patients with bipolar I disorder and matched healthy controls. The bipolar disorder network has a similar number of connections and highly connected nodes as the matched control group. AG indicates angular gyrus; CG, cingulate; CUN, cuneus; FG, fusiform gyrus; GR, gyrus rectus; IC, insular cortex; IFG, inferior frontal gyrus; inf, inferior tier; IOG, inferior occipital gyrus; ITG, inferior temporal gyrus; L, left; LG, lingual gyrus; MFG, middle frontal gyrus tier; MOG, middle occipital gyrus; MTG, middle temporal gyrus; OFG, orbitofrontal gyrus; PCUN, precuneus; PHG, parahippocampal gyrus; PreCG, precentral gyrus; PostCG, postcentral gyrus; R, right; SFG, superior frontal gyrus; sup, superior; SMG, supramarginal gyrus; SOG, superior occipital gyrus; SPG, superior parietal gyrus; and STG, superior temporal gyrus. (50) 5 (28) 6 (43) 6 (43) 6 (43) 14 (44) 15 ( order in many of the same regions as in patients with schizophrenia. 50 These findings suggest that conventional regional approaches may not be useful for identifying circuit-or network-based impairment. 14 Previous network-based analyses [17] [18] [19] [20] 51 in patients with chronic schizophrenia have reported deficits in frontotemporal and frontoparietal connectivity and altered centrality of regions. We found enhanced structural coupling associated with high regional centrality in the inferior frontal, inferior parietal, and middle and superior temporal cortices. Many of these same regions are connected by the white matter tracts (ie, inferior longitudinal fasciculus, arcuate fasciculus, and uncinate fasciculus) that have been identified [14] [15] [16] as disrupted in patients with deficit schizophrenia. Published data 52-54 support the hypothesis that regions that show strong structural coupling tend to be connected by white matter tracts. Although the exact relationship between disrupted white matter microstructure and enhance structural covariance cannot be elucidated here, both increased and decreased coupling between regions connected by white matter tracts has been reported [55] [56] [57] in other neurodevelopmental disorders. When our present findings are considered with previous findings on white matter circuitry, the evidence is compelling that this subgroup of patients with schizophrenia is characterized by distinct impairments in neural circuitry. Furthermore, the possibility that recent network findings in schizophrenia [18] [19] [20] [21] are driven by this subset of patients deserves consideration.
Patients with deficit schizophrenia may represent a subgroup of people with schizophrenia who experience an earlyonset, nonprogressive developmental process that interferes with basic cognitive and social skills beginning in early childhood. 13, 58 The increased density in structural coupling networks that we found may reflect altered early neurodevelopment in the deficit group. In support of this interpretation, a longitudinal developmental neuroimaging study 59 in healthy individuals demonstrated that brain regions with synchronized developmental change show strong convergence with regions that demonstrate cross-sectional covariance of cortical thickness. Thus, increased density in the deficit schizophrenia networks found in the present study may reflect decreased differentiation of brain regions during development, which constitutes a disruption in healthy synchronized brain maturation. This diminished differentiation of brain regions may lead to reduced efficiency and increased cost for brain networks that strive for a balance between cost and efficiency. 60 The high levels of centrality that we found in supramarginal, inferior frontal, superior, and middle temporal gyri in patients with deficit schizophrenia offer the interpretation that these regions may have undergone reduced differentiation more so than other brain regions. Reduced specialization of these regions may contribute to impairment in complex emergent properties that require module integration, such as social cognition, global cognition, and language, which are impaired in people with deficit schizophrenia. 61 The impaired networks identified in patients with deficit schizophrenia are important for processes related to negative symptoms. For example, frontoparietal circuitry in the right hemisphere comprises the mirror neuron system, which is activated during basic emotion understanding and emotion experience sharing. 62 These social cognitive domains are considerably impaired in people with schizophrenia (particularly those with the deficit form 61 ), are an important determinant Density is the number of connections in the network graph divided by the number of possible connections. Density values are shown for networks formed from a range of correlation strength thresholds in each group of subjects. These thresholds correspond to Pearson correlation coefficients (r) with significance levels that reflect P values that range from P = .0001 uncorrected to P = .0001 corrected (P = .000000075). At the far left of the graphs, r = 0.78 corresponds to P = .000000075, whereas at the far right end of the graphs, r = 0.61 corresponds to P = .0001. A, Network density values in patients with deficit schizophrenia and nondeficit schizophrenia, and in healthy controls. The network density values from the deficit schizophrenia groups are higher across all thresholds than are the nondeficit schizophrenia and control groups. B, Network density values in patients with bipolar I disorder and matched healthy controls. Density values are similar in the bipolar I disorder and matched healthy control groups across the range of threshold levels.
tients with bipolar I disorder. 64 Future work characterizing cortical brain circuitry and social cognitive performance across patients with schizophrenia or bipolar I disorder can help further clarify whether the impairments observed in this study in patients with deficit schizophrenia are related to social cognitive impairments in the same group of patients. One limitation of our study is that patient samples were collected at 3 academic centers and image acquisition parameters were different at the 3 sites. Combining schizophrenia groups from the CAMH and ZHH samples provided the power necessary to examine networkwide differences in deficit subtype patients, which are difficult to collect in large numbers. Additionally analyzing the separate samples revealed similar network properties in the deficit schizophrenia patient groups from both sites. A second limitation is that some have argued that regional reductions in brain structure may be an epiphenomenon of antipsychotic medication effects. 65 Although it is possible that medication effects influenced the circuitry findings presented here, antipsychotic medication exposure was not different between the deficit and nondeficit schizophrenia groups at either site. Furthermore, although both approaches have been shown to accurately classify deficit and nondeficit subtypes, the Positive and Negative Syndrome Scale at CAMH and the Brief Psychiatric Rating Scale at ZHH were used to classify people with schizophrenia at each site. Finally, although use of an alternative cortical parcellation atlas produced similar results, some of the specific relation- Figure 2 legend.
